The purpose of this study was to explore the relationship between the integrity of collagen and biomechanical properties of bone. In this study, age (range, 5-26 years old) and gender related changes in cortical bone samples from 33 baboon femurs (15 males and 18 females) were examined. The percentage of denatured collagen was determined using a selective digestion technique. The fracture toughness, elastic modulus, yield and ultimate strength, and energy to fracture of bone were determined in three-point bending configurations. The porosity and weight fractions of the mineral and organic phase also were measured. A two-way analysis of variance showed that age dependent changes were reflected primarily in the amount of denatured collagen, fracture toughness, energy to
fracture, and elastic modulus, whereas gender had effects on the fracture toughness, elastic modulus, and porosity of bone. In addition, regression analyses indicated that the percentage of denatured collagen had an inverse correlation with the toughness of bone and a positive correlation with its elastic modulus, whereas mineral content had positive correlation with the strength and elastic modulus of bone. The results of this study suggest collagen influences the toughness of bone, whereas mineral content predominantly contributes to bone stiffness and strength.
Age related bone fractures are a major cause of morbidity and mortality among the elderly.lO,l l~~~ For instance, it has been reported that approximately 50% of patients with hip fractures become partially or totally dependent on assistance for their daily a c t i v i t i e~.~~?~' Thus, it is of interest to understand the underlying mechanisms of age related changes in bone that contribute to such fractures and subsequently to predict and prevent these adverse changes.
Bone is a natural composite primarily comprising mineral (primarily hydroxyapatite crystals) and organic (90% Type I collagen) phases.27 Thus, its biomechanical properties are dependent on the quality, spatial arrangements, and interaction of these components.
Low bone mineral density has been considered to be a major cause of age related bone fracture^,',^^,^^ so it has been used commonly as a predictor of fracture r i~k . '~,~~ However, in recent years there has been growing awareness that low bone density is not the only reason for weakening of bone because a large overlap in bone density exists between healthy individuals and patients who sustain bone fract u r e~.~~,~~,~~ For instance, Hui et a12' found that at the same level of bone density, the risk of bone fracture for older women (average, 75 years old) is approximately 70 per 1000, whereas such a risk is only 10 per 1000 for younger individuals (average, 45 years old). In addition, it has been shown that disorders in bone Type I collagen molecules, such as those in osteogenesis imperfecta, can make bone. extremely susceptible to fracture. l 3 It has been found that osteoporotic bone fractures are relatively rare in elderly Gambian women compared with their Caucasian counterparts, although low bone mass is common in the elderly for both ethnic groups.2 All of these clinical findings suggest that the mineral phase is not the only factor affecting biomechanical properties of bone; other parameters also may play an important role in determining the mechanical integrity of bone.
Previous laboratory studies have suggested that changes in collagen may correlate significantly with bone mechanical properties. The collagen matrix in bone has a highly hierarchical structure. The Type I collagen molecule is the basic building block of the matrix and is characterized by a triple helical structure of three amino acid chains. These molecules are crosslinked to form collagen fibrils, which aggregate into collagen fibers and finally into the collagen n e t~o r k .~,~~ Thus, the integrity of collagen molecules and crosslinks is critical to the structural stability of the collagen network and consequently influences biomechanical properties of bone. For instance, defects in collagen molecules, such as collagen mutations seen in osteogenesis imperfecta, can lead to the increased bone f r a g i l i t~.~~,~~ Oxlund et a141,42 found that the concentration of collagen crosslinks decreases in aged and osteoporotic bone, and such a change is associated with the decreased mechanical strength of bone in rats. In addition, Danielsen et all9 reported the tensile strength of demineralized bone in rats decreases with age. Kovach et al,28+29 using a laser autofluorescence technique, showed that age dependent changes in the collagenous matrix of bone correlate significantly with bone fracture toughness. These findings also support the speculation that the collagen phase in bone may contribute to the retention of toughness in aging b0ne.~8
Over the years, numerous techniques have been developed to detect changes in the collagen network of bone. For example, to directly determine the percentage of degraded collagen molecules (unwound and cleaved), a new technique was developed recently that uses a selective digestion procedure to distinguish between denatured and intact collagen molecules.6 To assess the structural stability of the collagen network, its thermostability has been measured frequently using calorimetry or collagen shrinkage.
The morphologic properties of the collagen network in bone can be evaluated using transmission electron microscopic analysis to determine the spatial arrangement and geometry of collagen fibril^.^,^^ In addition, mechanical tests of demineralized bone samples have been used to assess the structural strength of the collagen network.19,25
The hypothesis of this study is that bone biomechanical properties correlate significantly with the extent of Type I collagen denaturation, and such changes in collagen contribute primarily to the reduced toughness of bone. To test this hypothesis in the current study, the biomechanical properties and the denaturation of collagen molecules of cortical bone samples from baboon femurs were determined as a function of age. The biomechanical properties of bone were determined in three-point bending tests in terms of elastic modulus, yield strength, ultimate strength, fracture toughness, and energy to fracture. The percentage of the denatured collagen in bone was determined using the unique selective and Related Research digestion technique.6 Measurements of bone porosity and weight fractions of the mineral and organic phases also were performed. The correlations of collagen denaturation, porosity, and mineral content with bone mechanical properties were explored.
MATERIALS AND METHODS
Fresh femurs were obtained from 15 male and 18 female baboons (age range, 5-26 years; average age, 13.8 years) from the Southwest Foundation for Biomedical Research, San Antonio, Texas. All animals were screened carefully to avoid the influence of any diseases on bone samples. After harvest, the femurs were fresh frozen immediately at -20" C until testing. In general, baboons reach skeletal maturity at approximately 6 years of age: and their life span usually is considered to be approximately 20 years. To cover the age groups of young adults, middle aged, and the elderly, these animals were divided into three age groups: 6 to 9, 10 to 16, and older than 16 years of age, respectively. Each of the age groups included five males and six females. From each femur, a 40-mm section of middiaphysis was excised, and two 4-mm thick slices were cut from the proximal and distal ends of this section for the quantitative analysis of collagen denaturation. The measurements from the distal and proximal slices were averaged for each animal. From the lateral aspect of the remaining excised diaphysis, two bone coupons (30 X 4 X 2 mm) were obtained longitudinally using a diamond saw and a bench top milling machine. Haversian bone was the dominant microstructure of these bone samples. One of the two coupons was used for a fracture toughness test to assess the transverse fracture toughness of bone. The other was used for a threepoint bending test to determine the elastic modulus, yield strength, ultimate strength, and energy absorbed until failure.
The fracture toughness test was performed in a three-point bending configuration following the appropriate standard recommended by the American Society for Testing and material^.^ A precrack was introduced in the middle of the bone specimen using a circular saw and a sharp razor blade. Test specimens were supported in a custom designed fixture with a support span of 16 mm. A compression load was applied in the middle of the specimens at a loading rate of 5 mm per minute in an Instron material testing machine (model 101 I , In-stron Corp, Canton, MA) until failure. The curve of load versus displacement was recorded using a computer controlled data acquisition system, and fracture toughness values were calculated following the ~tandard.~ Because the precrack created in the specimens propagates in a direction perpendicular to the longitudinal axis of the diaphysis, the property actually measured in this test was the transverse fracture toughness. For the three-point bending test, experimental procedures and calculation of the elastic modulus and strength followed the standard D790-86 published by the American Society for Testing and Materials3 From the recorded curve of load versus displacement, the work to fracture was calculated as the area under the curve. Because of the limitation of bone stock, specimen sizes in the fracture toughness and threepoint bending tests were smaller than those recommended in the standards. However, a relative comparison between these specimens should be valid because all of them had the same shape and size and were tested under the same condition.
A selective digestion technique was used to determine the amount of denatured collagen molecules (as percentage of the total amount of collagen). As shown in Figure 1 , bone samples first were demineralized in a buffered (pH 7.4) 0.5 mol ethylenediaminetetraacetic acid to remove all minerals. The demineralized bone samples then were digested at 37" C in a-chymotrypsin solution. Because a-chymotrypsin selectively dissolves degraded collagen, the degraded and intact collagen can be separated by removing the supernatant (containing the degraded collagen) from the remaining insoluble matrix (containing the intact collagen). Thereafter the amounts of collagen in the supernatant (degraded collagen) and the residue (intact collagen) were determined by measuring the collagen specific amino acid hydroxyproline in both fractions. Finally, the percentage of denatured collagen was calculated by dividing the hydroxyproline concentration in supernatant by the sum of hydroxyproline concentration in supernatant and remaining matrix. A detailed description of this technique can be found elsewhere.6
To obtain the weight fractions of mineral and organic phases of bone, half of each specimen used in the fracture toughness test was weighed in air under wet and dried conditions to acquire its wet and dry weights. To dehydrate the bone, the samples were placed in a vacuum oven overnight at a temperature of 70" C. The bone samples were heated at 800" C in a crucible in a high temperature furnace for 3 hours.& The weight of ash residue was considered to be the weight of the bone mineral, and the discrepancy between the dry weight and ash weight was deemed to be the weight of the organic phase. The weight fractions of mineral and organic phases were calculated by dividing the weight of ash residue and weight of organic phase by wet weight of bone, respectively.
The measurements of porosity were performed on the other half of the specimen used for the fracture toughness test. The cross section adjacent to the fracture site was embedded in aplastic resin and polished following standard procedures for engineering materials. An image of the cross section was digitized into a computer via a light microscope. An image processing and computational code written in a macroprogramming language (NIH Image, National Institute of Health, Bethesda, MD) was used to calculate the ratio of the area of cavities (Haversian and vascular canals) to the whole cross sectional area. This ratio was defined as the porosity of bone.
All experimental data were compiled as mean and standard deviation (mean 2 standard deviation). A two-way analysis of variance (ANOVA) was performed to examine the effects of age and gender on all measured parameters in the baboon model, and multiple comparisons (Fisher's protected least significant difference) were made to detect significant differences between the groups. In addition, multiple regression analyses were used to explore the correlations of bone biomechanical properties with mineral content, collagen denaturation, and porosity of bone. The Pearson product moment correlation coefficients were calculated to account for the relationship between the biomechanical (the fracture toughness, energy to fracture, elastic modulus, and strength) and compositional and structural parameters measured in this study (the percentage of denatured collagen, weight fraction of mineral, weight fraction of organic phase, and porosity). The significance of the correlation between any two parameters was determined using Fisher's r to z transformation. Differences and correlations were considered to be significant only when the p value was less than 0.05.
RESULTS
Two-way ANOVA analyses indicated that age is a significant factor affecting bone fracture toughness, elastic modulus, percentage of denatured collagen, and energy to fracture (p < 0.05). No statistically significant changes were observed in the weight fractions of mineral and organic phase, porosity, and bone strength as a function of age. In addition, the effects of gender on bone properties were observed only in the fracture toughness and bone porosity (p < 0.05). In addition, the effect of interaction between age and gender was not significant for any of the parameters examined.
Among the age dependent parameters, the fracture toughness decreased approximately 10% with increasing age for both genders (Table I) . However, such a decrease was observed only for the elderly group, with limited differences existing between young adult and middle aged groups. In contrast, the elastic modulus had an early increase (approximately 20%) from young adult to middle aged groups. The percentage of denatured collagen in bone steadily increased from approximately 6% to 12% with increasing age across all age groups. In addition, the energy to fracture had a significant decrease (approximately 35%) with increasing age.
The effect of gender on bone properties was reflected in fracture toughness and bone po- Februarv. 2000 Collagen Denaturation and Bone Properties 233 tically was greater for females than for age matched males. However, bone porosity was only a few percent for both genders. Multiple regression analyses indicated the percentage of denatured collagen had a strong correlation with the fracture toughness, energy to fracture, and elastic modulus of bone, whereas the weight fraction of mineral content correlated primarily with bone strength and elastic modulus. However, the porosity and weight fraction of organic content appeared to have weak correlations with any of the biomechanical properties measured. It was observed that the rate of change in the fracture toughness as a function of the percentage of denatured collagen was remarkably different between genders, showing a sharper decrease for females compared with males ( Fig 2) . In contrast, only a weak correlation was observed between the percentage of denatured collagen and bone fracture toughness of males. However, changes in all parameters other than fracture toughness showed a similar trend for both genders. Thus, the data from both genders were combined for the regression analysis of the other parameters.
As shown in Figure 2 , with an increase in the percentage of denatured collagen from 5% to 15%, the energy to fracture decreased almost 40%, whereas the fracture toughness decreased approximately 20% for females and less than 10% for males, respectively. This result suggests that bone becomes more susceptible to fracture when the amount of denatured collagen molecules increases in bone. In addition, strong correlation was found between the bone strength and the mineral content in bone. The yield and ultimate strength of bone increased with the weight fraction of mineral (Fig 3) . The elastic modulus increased as mineral content and the amount of denatured collagen in bone increased (Fig 4) .
Strong correlations were found between several of the biomechanical properties measured, as shown in Table 2 Regression of the fracture toughness (K,,-) and energy to fracture (W,) with respect to the collagen denaturation (%DC) of bone for both genders, with the correlation coefficient (p) and p values being presented. Significant correlations were found between these parameters. Bone fracture toughness of female baboons showed a steeper decrease with collagen denaturation than did that of male baboons.
Wanaetal Clinical Orthopaedics and Related Research energy to fracture and a negative correlation with the elastic modulus but no statistically significant correlation with the strength of bone. The elastic modulus had a negative correlation with the energy to fracture and a positive correlation with yield strength, but not with the ultimate strength. In addition, the energy to fracture showed strong correlations with the ultimate strength of bone. The correlation between the yield and ultimate strength was statistically significant. Table 3 shows the correlations between the parameters pertaining to bone constituents and microstructure (the percentage of denatured collagen, weight fractions of mineral and organic phase, and porosity). Strong correlations were found between the percentage of denatured collagen and the weight fraction of mineral, porosity and mineral weight fraction, and weight fractions of the mineral and organic phase. Strong correlations were found between these parameters.
DISCUSSION
collagen phases in bone play different roles in determining bone biomechanical properties.
In the current study, baboon bone samples had no statistically significant changes in porosity and strength with increasing age, unlike results obtained from human cortical bone. 35, 52, 53 This difference is most likely because of the differences between the two species. For instance, reported porosity values for human cortical bone vary between 5 % and 30%. 35, 53 whereas the porosity value for baboon bone in this study was less than 8%, and the mean was less than 4.7%. Given such small values and other potential nonage related differences between the specimens, it is likely tests in the current study were unable to detect age related changes in the porosity of baboon bone. In addition, considering that there was little variation in mineral content and porosity in the baboon bone specimens tested (Table l) , no significant changes in bone strength would be expected because bone strength primarily is determined by these f a~t o r s .~~,~~ However, the intent in the current study was to investigate the correlation between collagen and the biomechanical properties of bone. Although age related changes in baboon bone may not closely mimic similar changes in human bone, it is unlikely this difference would significantly influence the correlation between bone properties. For instance, the correlations between the elastic modulus, ultimate strength, energy to fracture, and fracture toughness (Tables 2 , 3 ) observed in the current study also are reported for human suggesting a similarity in bone properties between these two species.
Type I collagen fibers comprise 90% of the organic component of bone and usually are oriented in a preferential dire~tion.~ Such a highly organized collagen network not only provides a framework for mineral to deposit, but also functions as a reinforcement of the composite. Thus, changes in the collagen network in bone potentially can lead to variation of bone mechanical properties. Changes in collagen network may occur at different levels: collagen denaturation is characterized by and Related Research unwinding and cleavage of triple helical molecules.6 Intermolecular collagen crosslinks play an important role in retaining the structural stability of the collagenous network. 41 Morphologically, changes in the orientation, spatial arrangement, and geometry of collagen fibrils may affect bone biomechanical properties.",34
In the past, studies have investigated the correlation of crosslinks concentration and orientation of collagen network with bone biomechanical properties. In testing femurs from copper deficient rats, Jonas et a124 reported that reduction of crosslinks induced by copper deficiency leads to significant decreases in bone stiffness, strength, and its capacity to absorb energy to fracture. In another study, Lees et aI3l found that rats treated by a-amino-propionitrile have a reduced concentration of collagen crosslinks in bone, and this reduction is associated with a decrease in bone structural strength. In addition, collagen orientation has been found to have an effect on bone mechanical properties. In equine cannon bone, Martinet aP4 observed that longitudinal collagen fiber orientation is regionally variable and contributes to increased modulus and strength but not to the fatigue life of bone.
The results of the current study show that denaturation of collagen had strong correlations with the fracture toughness, energy to fracture, and elastic modulus of bone. Normal collagen molecules have a triple helical structure, whereas the denatured collagen is characterized by unfolding and cleavage of the triple helixes. When these molecules some-how are unwound or cleaved, they are mechanically less stable and potentially lose their strength. Because collagen molecules are the building unit of the collagen network and may play a role in sustaining the toughness of bone, such adverse changes would weaken the collagen network and consequently lead to increased propensity of bone to fracture. The underlying mechanisms of age related collagen denaturation remain unclear but most likely involve an accumulation of damaged collagen molecules with increasing age, either because of the fatigue of the network or as a consequence of collagenolytic enzyme activities.
The contribution of mineral phase to bone biomechanical properties has been investigated extensively in the literature. 1,1s,43,45 It has been reported that the elastic modulus of bone increases with increasing mineral content.12J6,17,20,4s Other studies have shown bone strength is determined by bone mineral Bone mineral density measured using quantitative computed tomogra- 
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phy or other densitometries is a measure of mineral content in a unit volume of bone, which is not a true mineral density, but an apparent bone mineral density. Thus, its value can be influenced by two factors: porosity and true mineral density (or mineral content) so changes in porosity or mineral content may cause changes in bone strength. 35 A similar trend was observed in the current study, showing an increase in the strength and elastic modulus of bone as mineral content increases. Apparent mineral density or bone density have been shown to have a significant correlation with the toughness of bone in terms of fracture toughness or energy to f r a c t~r e .~~.~~ However, no significant correlation has been reported between true mineral content and the fracture toughness of bone.50,52 A similar result was obtained for baboon bone in the current study, indicating mineral content may not play a significant role in the toughness of bone.
The data of this study showed that collagen denaturation also has a strong correlation with the elastic modulus of bone, suggesting that the modulus increases with collagen denaturation. Because collagen is more compliant than bone mineral (hydroxyapatite), according to the laws of mixtures for composite materi a l~,~~,~~ it should not play a major role in determining bone stiffness. Thus, it is unlikely changes in the collagen phase have a direct effect on the stiffness of bone. However, it is possible denaturation of collagen molecules may affect subsequent mineralization and consequently lead to changes in the stiffness.
The results of the current study indicate a remarkable interaction between the mineral content and collagen denaturation, showing that the mineral content of bone positively correlates with collagen denaturation ( Table 3) . Abnormal collagen molecules have significant effects on the mineralization of bone. For example, osteogenesis imperfecta, also known as brittle bone disease, has been found to involve an abnormality in the synthesis or structure of Type I collagen in bone, which subsequently leads to abnormal mineralization and increased susceptibility of bone to fracture.13
The results of the current study indicate the toughness of bone significantly decreases with increasing age in the baboon model. Such increased susceptibility to fracture most likely results from age dependent changes in bone constituents. The mineral content of bone appears to contribute to the strength and elastic modulus of bone. In addition, collagen denaturation shows a significant correlation with bone mineral content and elastic modulus. In the current study, a strong correlation found between the amount of denatured collagen molecules and the toughness of bone suggests changes in collagen molecules can significantly alter the fragility of bone. However, the underlying mechanism remains unclear, additional investigations are needed. A better understanding of this issue potentially can lead to collagen targeted therapies to reduce the risk of fracture in the elderly.
